[2.2]Paracyclophane-layered polymers 4a and 4b end-capped by ferrocene and [2.2]paracyclophane, respectively, were synthesized by using a xanthene skeleton as a scaffold.
INTRODUCTION
In organic materials, hole, electron, and energy transfers occur via a through-space as well as through-bond interaction of π-conjugated systems. These transfers occur via aromatic rings of π-conjugated molecules or polymers. A π-π stacking structure and orientation of aromatic rings play an important role in enabling effective charge or energy transfer. Although the syntheses of new conjugated polymers have been intensively pursued in recent years [1-3], few reports have described conjugated polymers consisting of layered aromatic rings via the through-space interaction of the π-π stacking [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Conjugated polymers and molecular wires such as poly(phenylene-ethynylene)s (PPEs) and oligothiophenes synthesized thus far consist of sp or sp 2 carbon frameworks [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Previously, we reported the synthesis and characterization of through-space conjugated polymers possessing [2.2] paracyclophane as a key repeating unit in the main chain [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . We found that the [2.2]paracyclophane-containing polymers showed an extension of the conjugation length not only by the through-bond conjugation but also by the through-space conjugation of two-layered aromatic rings of [2.2] paracyclophane. During our investigation of the synthesis of through-space conjugated polymers, we developed a new methodology for the construction of benzene-ring-layered polymers comprising [2.2] paracyclophanes aligned face to face by employing xanthene skeleton as a scaffold [12, 13] . While π-π stacking among the cyclophane units of the polymers was ineffective in the ground state because of the relatively long distance for the π-π interaction among neighboring cyclophane units, fluorescence resonance energy transfer (FRET) occurred from the layered cyclophane to the end-capping aromatic groups [13] .
We thus decided to investigate the structural aspect of the polymers by using model compounds and elucidate the optical property of the polymers end-capped by ferrocenes in the excited state.
Herein, we report the synthesis, structural characterization, and optical properties of the aromatic-ring-layered polymers containing ferrocene as a terminal unit. Table I . In both cases, the reactions proceeded smoothly to produce the corresponding polymers 4a and 4b in good yields. The number-average molecular weights (M n )
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of polymers 4a and 4b were estimated by the 1 H NMR integral ratio between ferrocene and tert-butyl protons and that between bridged methylene and tert-butyl protons, respectively. In the case of Entry 1, M n was estimated to be 8000 (n = 12.6), indicating that approximately 13 cyclophanes were incorporated into the polymer main chain; in other words, 26 benzene rings were aligned on the xanthene units.
(Scheme 1 and Table I) Two related model compounds 7 and 8 were prepared according to the reactions shown in Two cyclopentadienyl rings were arranged in a face-to-face manner [42] [43] [44] [45] [46] [47] [48] [49] . While the distance between the 4-position and the 5-position of xanthene was 4.561 Å, the shortest distance between the intramolecular cyclopentadienyl rings was 3.491 Å, as shown in the side view. The distance (3.491 Å) is approximately equal to the sum of the van der Waals radius of an sp 2 carbon 4 (3.40 Å). In the crystal packing structure of 7, the molecules were slipped, indicating that there is no intermolecular π-π stacking among the cyclopentadienyl rings.
(Scheme 2 and Figure 1) The molecular structure of 8 possessing the [2.2] paracyclophane unit between two ferrocenes is depicted in Figure 2 . In order to investigate the properties of aromatic-ring-layered polymers in the excited state, photoluminescence studies were carried out. Figure 6 shows not only the absorption spectra of polymers 4a and 4b in dilute The polymers were excited at 335 nm in dilute CHCl 3 solution, and they exhibited almost identical photoluminescence spectra with peak maxima at around 410 nm ( Figure 6 , right), which were derived from the emission of the layered [2.2]paracyclophane units. However the peak intensity of polymer 4a was lower than that of polymer 4b, in spite of the same absorbance values. We confirmed that this concentration was diluted sufficiently to avoid intermolecular interactions according to the concentration effect of the photoluminescence spectra ( Figure S13 in Supporting Information). Therefore, the terminal ferrocene units in the polymer 4a backbone quenched the photoluminescence via the through-space interaction. The solvent polarity 6 dependence of the photoluminescence was examined for polymers 4a and 4b, and no solvent effects were observed in dilute cyclohexane, CHCl 3 , THF, CH 2 Cl 2 , and DMF ( Figure S14 in Supporting Information). This result implies that energy transfer from the layered cyclophanes to terminal ferrocenes occurred exclusively rather than electron transfer in the present system.
The energy transfer efficiency was roughly estimated to be 38% from the photoluminescence quantum efficiencies of the polymers. concentration effect [55] [56] [57] [58] [59] [60] [61] , was achieved by the incorporation of the ferrocenes into the polymer, leading to effective energy transfer from the layered cyclophanes to the ferrocenes. 
CONCLUSIONS
X-ray crystal structure analysis
Intensity data were collected on a Rigaku R-AXIS RAPID imaging plate area detector with graphite monochromated Mo Ka radiation (λ = 0.71069 Å) at -180°C. The structures were solved by direct method (SIR97) [64] and refined by full-matrix least-squares procedures based on F 2 (SHELX-97) [65] .
Synthesis and Characterization
Polymerization
A typical procedure is as follows. Pseudo-p-diethynyl 
Synthesis of 2,7-Di-tert-butyl-4,5-diiodo-9,9-dimethylxanthene 2
To cooled solution (-5°C) 
